Objective: To assess the association between proximity to the inner (ventricular and aqueductal) and outer (pial) surfaces of the brain and the distribution of normal appearing white matter (NAWM) and grey matter (GM) abnormalities, and white matter (WM) lesions, in multiple sclerosis (MS).
Introduction
Multiple sclerosis (MS) can affect any part of the central nervous system, but it does not do so uniformly. Histopathological studies have shown that demyelinating lesions in white matter (WM) and grey matter (GM) tend to occur close to the inner (periventricular) and outer (subpial) surfaces of the brain 1, 2 and that, at least in GM, extra-lesional abnormalities are also greater near the surfaces of the brain. 1, 3 Using magnetisation transfer ratio (MTR) imaging, similar gradients in cortical GM abnormalities have been shown in vivo 4 , and have also been found in periventricular WM 5 and the spinal cord. 6 Taken together, these observations suggest that tissues close to the surface of the brain and spinal cord are preferentially affected by, or more vulnerable to the effects of, MS.
Several explanations for the distribution of MS lesions have been proposed. Veins have been firmly implicated, and WM lesions nearly always form around them. [7] [8] [9] Many GM lesions also do so, 10 although subpial cortical GM lesions do not appear to and instead have been linked with overlying meningeal inflammation. [11] [12] The same factors underlying the distribution of lesions may also be relevant for extra-lesional pathology, but this has been studied far less. In GM, meningeal inflammation has been linked with both subpial lesions and extra-lesional cortical GM neuronal loss 1 but we are not aware of equivalent studies systematically investigating WM.
While there are several potential mechanisms that may underly MS lesional and extralesional abnormalities, and pathology in GM and WM, it is not clear if a single process unites them. Two key unanswered questions that are relevant to this: (1) Are superficial gradients in MS abnormalities similar in WM and GM; and (2) are they similar for WM lesions and extra-lesional abnormalities? To answer these questions we systematically assessed MS-associated reductions in GM and WM MTR, and the distribution of WM lesions, relative to the inner and outer surfaces of the brain.
Methods

Participants
People with a relapse onset MS, 13 
MRI acquisition
Using a 3 T Philips Achieva system (Philips Healthcare) with a 32-channel head coil and multi-transmit technology, the following sequences were acquired: 3D sagittal T1- 
Image analysis
Registration of images
The magnetisation transfer on and off images were symmetric-and inverse-consistent registered to the T1-weighted FFE scan using NiftyReg. [14] [15] MTR map (in percentage units (pu)) was calculated as ((MTRoff -MTRon) / MToff) x 100).
WM lesions identification
WM lesions were identified and manually outlined on PD/T2-weighted scans using JIM (Version 6.0, Xinapse Systems, Northants) by OY and VS, and rechecked by DC.
Lesion filling
The PD/T2-weighted lesion masks were affine co-registered to the T1-weighted FFE scans using a pseudo-T1 image generated by subtracting the PD from the T2-weighted image. 16 Lesion masks were transformed from native space to T1 space using nearest-neighbour interpolation. The T1-weighted FFE scans were filled using a non-local patch match lesion filling technique. 17 
Brain segmentation
For brain tissue segmentation, we used Geodesical Information Flows (GIF). 18 
Extraction of normal appearing white matter
As in our previous work, 5 to reduce the potential for lesional and peri-lesional abnormalities contaminating the normal appearing (NA) WM measures, lesions and a 2 mm peri-lesional rim were subtracted from each subject's WM mask to produce a NAWM mask. Moreover, as the brainstem includes both white matter and grey nuclei, lesions were and the 2 mm peri-lesional rim were also removed from the brainstem mask parcellation mask to produce a brainstem normal appearing tissue (NAT) mask.
Bands computation
The whole brain was segmented into 12 concentric bands between the ventricular walls and the pial surfaces ( Figure 1 ) based on the normalized distance map derived by following the normal to the Laplace equation isolines between the subpial and periventricular brain surfaces. 4, 20, 21 The first and last band, i.e. those nearest to the ventricular and pial surfaces, were then excluded from further analysis to control for CSF partial volume effects, so leaving 10 bands, with bands 1 and 10 located adjacent to periventricular and subpial surfaces respectively. Average volume for each band is reported in Supplemental Table 1 . We defined the bands 1-3 as encompassing the periventricular , bands 4-7 the central and bands 8-10 the subpial region. The bands were then intersected with the cortical (supra-tentorial and cerebellar) and deep GM (thalamus, caudate and putamen nuclei), supra-tentorial and cerebellar NAWM, and brainstem NAT masks to extract mean MTR. Lesion volumes were measured in WM, and the mean percentage occupied by lesions computed for each band.
Quantification of gradients and of lesion volumes
The following gradients were then computed for each subject 
Statistical analysis
MRI measures were compared between MS and HC subjects using a general linear model including BPF, age, gender and band volume as covariates. A false discovery rate (FDR) approach as described by Benjamini and Hochberg was used to control for multiple comparisons. 22 In all the analyses a p-value < 0.05 was considered statistically significant.
Results
MTR abnormalities with proximity to the ventricular surfaces
Supra-tentorial and cerebellar NAWM and brainstem NAT MTR findings for the MS and HC groups are shown in Figure 2 , and Tables 1 and 2 . In the supra-tentorial NAWM, cerebellar NAWM and brainstem NAT, MS subjects had lower MTR values compared with HC. This reduction in MTR was more marked in those bands nearer to the ventricular surfaces, and a steeper periventricular MTR gradient was observed in MS subjects when compared with HC in all these compartments ( Deep GM MTR findings are shown in Figure 3 , and .
MTR abnormalities with proximity to the pial surfaces
In subpial NAT bands in the brainstem (bands 8-10) MTR was lower in MS compared with the HC group, as reported in Table 2 . This reduction was more marked in those bands nearest to the subpial surface (Figure 2) , and a steeper subpial MTR gradient was observed in MS subjects compared to HC (p=0.015; p value corrected for BPF, age, gender and band volume). A significant difference between subpial and central gradients also observed in MS group (p<0.001).
gradient was significantly steeper in subjects with MS compared with HC (p=0.020; p value corrected for BPF, age, gender and band volume).
Lesion density and proximity to brain surfaces
The density of WM lesions per band is shown in Figure 3 . In the supra-tentorial compartment, lesion density was highest around the ventricles and decreased towards central WM (5.80%±0.70 vs 2.50%±0.40, p=0.005; p value corrected for BPF, age, gender and band volume). In the cerebellum and brainstem there was no association between proximity to the fourth ventricle and WM lesion density.
Discussion
We found that MS-associated reductions in supra-tentorial and cerebellar NAWM, brainstem NAT, and cortical and deep GM MTR are related to distance from the inner (ventricular) and outer (pial) surfaces throughout the brain. In contrast, for WM lesions a relationship with distance from the brain surface was only seen around the lateral ventricles. This suggests that proximity to the surface of the brain per se may be relevant to the pathogenesis of NAWM and GM abnormalities, but is less important for the accrual of WM lesions, and so raises the possibility that partly independent processes may underlie them.
We have previously found associations between cortical GM MTR and distance from the outer surface of the brain 4 , and NAWM MTR and proximity to the lateral ventricles. 5 The present results confirm these findings, and also show that these superficial gradients in MTR abnormalities are consistent throughout the brain. In agreement with previous lesion probability studies, 23 we found that WM lesion density was highest around the lateral ventricles. However, no gradient in WM lesion density was seen with distance from the fourth ventricle in the brainstem or cerebellum, which clearly contrasts with the MTR findings in NAWM and GM in these regions. While it is possible that the same factors underlie the gradients in MTR abnormalities and the distribution of WM lesions, the discrepancy between them does raise the distinct possibility that different processes are at work.
WM lesions mostly form around veins, 7-8 and our results would appear consistent with this. Around the lateral ventricles, where a gradient in lesion density was seen, veins drain towards the periventricular ependymal surface. In contrast, in the brainstem and cerebellum, where a gradient in lesion density was not seen, venous drainage is not so uniformly towards the fourth ventricle.
24-25
The consistency of superficial gradients in MTR abnormalities throughout brain GM and NAWM is difficult to explain based on the distribution of veins, or hypoxia, given substantial differences in vascular architecture and perfusion between brain regions. Our study also confirms previous findings that have shown that -even in HC -MTR is not uniform throughout WM. 29 In this study we found that MTR values in supratentorial WM were highest adjacent to the ventricles, declining with distance from them, and particularly next to the cortex. In WM MTR has previously been shown to be sensitive to both myelin and axonal densities 30 and so the regional MTR patterns we have observed may stem from differences in myelin and axonal organisation. We are not aware of any histopathological studies that have specifically addressed this, and as such cannot speculate further. Practically, this finding highlights the need to take into account regional differences in MTR when evaluating the impact of disease processes on WM.
While carefully designed, the methods used in this study still have limitations. To reduce the potential for partial volume effects a GIF-based segmentation approach was used, which explicitly models partial volumes. Moreover, the bands nearest to the inner and outer brain surfaces were excluded from the analyses, so further reducing the possible impact of CSF contamination. While all registrations were carefully checked, brain atrophy could still have subtly affected the relative positioning of bands between subjects, and so reduced sensitivity to MTR gradients. However, the Laplacebased approach used in this study will have partially accounted for the differences in brain size as the number of bands extracted for each subject was the same, and so while in people with greater atrophy each band will be narrower, their position relative to the surface of the brain should be maintained. As in our previous study on NAWM, 5 we dilated WM lesion masks by 2mm to allow for perilesional disease effects. 31 This, together with the observed differences in the distribution of NAWM MTR abnormalities and WM lesions makes unlikely that contamination of NAWM by lesions will have significantly influenced the results. However, while most WM lesions are seen on PD/T2-weighted scans, few GM lesions are detected using currently available MRI techniques, 32 and as such it is not possible for us to determine if the abnormal MTR gradient observed in GM is due to lesional or extra-lesional pathology.
Histopathological studies of the cortex 1 and in deep GM 3 suggests that it may be due to both. While this does not negate the main findings of our work, it is an area that could usefully be clarified in subsequent studies.
In conclusion, abnormalities in NAWM and GM (as assessed using MTR) are both 
